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Due to its wide band gap, TiO2 is widely used in environmental decontamination field. Most 
contaminants like organics and heavy metals can be mineralized to harmless compounds 
through TiO2 photo-catalysis process. However, the high cost of catalyst may hinder its 
application. In the meanwhile, as the coal thermal power generation industry is widely 
applied around the world, it is urgent to find an economical and environmental friendly way 
to dispose the main coal industry by-product, namely fly ash. 
In this study, mesoporous F-MCM-41 (Fly ash Al-MCM-41) materials synthesized from fly 
ash was used as the carrier of TiO2 to reduce the cost. F-MCM-41 with good mesoporous 
structure and high surface area (952 SBET, m2g-1) was synthesized successfully from fly ash. 
Compared with alkali fusion method, NaOH solution method was proved to be a greener and 
more efficient way to extract Si from fly ash.  
In this study, different types of TiO2/MCM-41catalysts were synthesized through 
hydrothermal method. TiO2/F-MCM-41 synthesized from inorganic silica source (fly ash) 
tended to have more mesoporous crystalline structure than TiO2/P-MCM-41 synthesized from 
organic silica sources. However catalyst consisting of mixed TiO2 with MCM-41 directly 
achieved better ROC removal efficiency than synthesized TiO2/MCM-41 regardless of the 
purity and silica sources. 
Our results show that reusing waste (fly ash) as resource to facilitate ROC degradation is 
environmental friendly and quite promising. However, more research needs to be done to 
improve the efficiency. 
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MCM-41 synthesized from fly ash 
1.1.1
 
General remarks of fly ash  
Fly ash is a by-product generated during the combustion of coal for energy production. 
Among developing countries like India and China where coal is the main source of energy, 
large amount of fly ash is produced every year (Ahmaruzzaman 2010, Zhang, Kang et al. 
2013). The disposal of fly ash is becoming a more and more urgent problem for the time 
being. Although fly ash has already been used as adsorbent, construction material, zeolite 
sources and so on, however nearly 84 percent of the fly ash still had not been fully used 
(Janos, Buchtova et al. 2003, Ahmaruzzaman 2010, Wu, Ma et al. 2012, Zhang, Kang et al. 
2013). Most of the fly ash was dumped, not only will it waste landfill space and cause huge 
disposal expenses, but also contaminants like heavy metals in the leachate may arouse 
environmental risk. Thus it is quite necessary to find another proper way to reuse fly ash, and 
turn the waste to resource.  
Fly ash is clarified as silica-alumina material, and the major constituents are silica dioxide 
(50-70%), alumina oxide (15-35%), and iron oxide (5-7%) (Dhokte, Khillare et al. 2011, 
Majchrzak-KucĊba and Nowak 2011). As showed in Table 1-1, other main materials are 
magnesium oxide, calcium oxide. Besides, heavy metals such as Cr, Co, minor elements and 
rare earth elements may also be present in the fly ash (Dhokte, Khillare et al. 2011). 
Table 1-1 Chemical composition of fly ash  








Fly ash (Wu et al., 2012) 52.37 33.91 5.59 3.93 0.77 
Fly ash (Dhokte et al., 2011) 60.16 25.96 6.75 3.05 0.79 
Fly ash(Majchrzak-Kuceba et al., 2011) 50.49 31.06 4.8 5.46 0.93 
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The constituents and percentage of elements in fly ash varies in different processes from 
different factories. 
Silica dioxide in fly ash can be used to synthesis mesoporous materials like MCM-41 (Hui 
and Chao 2006, Misran, Singh et al. 2007, Dhokte, Khillare et al. 2011). Compared with 
other silica sources like TEOS and Na2SiO3, this would lower the cost. Besides the 
incorporation of aluminum species renders the material carry with moderate acidity, which 
can facilitate catalysis and adsorption process (Cesteros and Haller 2001, Majchrzak-KucĊba 
and Nowak 2011).  
However, the mineralogical composition of fly ashes would affect the solubility of Si and Al, 
thus affecting the extraction efficiency. Fly ash which contained more aluminosilicate glasses 
tended to generate more Si4+ during the extraction process. Majchrzaka-Kuceba and Nowak 
(2011) compared MCM-41 synthesized from 10 different polish fly ash sources, and found 
that content of Al and Si varied from the type and origin of fly ash. The results show that it’s 
harder to extract Si4+ from quartz and even harder for mullite. In that case, fly ash which 
contains the highest Si might not be the one which can extract the highest Si4+ supernatant. 
Tetraethyl orthosilicate (TEOS) and sodium silicate (Na2SiO4) are two widely used sources of 
silica for MCM-41 formation (Grün, Unger et al. 1999). However, organic silica sources like 
TEOS and TMOS reagents are quite expensive. They may increase the cost and are often 
slightly toxic as well. As for inorganic sources, it requires a large amount of energy to obtain 
sodium silicate from quartz sand and sodium carbonate from the commercial fabrication 
process (Liou 2011). In contrast, silica recovered from fly ash requires a lower temperature, 
which makes it a cheaper and preferable choice. (Misran, Singh et al. 2007). 
Several studies have proved that fly ash can be a feasible source of silica and aluminum to 
synthesize mesoporous molecular sieves (Dhokte, Khillare et al. 2011, Majchrzak-KucĊba 
and Nowak 2011, Zhang, Kang et al. 2013). Compared with fly ash, MCM-41 consists of 
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smaller particles with larger specific surface area, which make it more suitable for adsorption 
and catalysis reaction. Aluminum species can be tetrahedrally incorporated into silica 
framework, which will increase the acidity of MCM-41 (Kosslick, Lischke et al. 1999). This 
property can be beneficial to some acid-catalyzed processes. Thus transforming fly ash to 
MCM-41 is a feasible way to reuse fly ash waste, which is also an economical and 
environmental friendly process. 
1.1.2
 
Properties of MCM-41 
Since its first discover by Mobil Research and Development Corporation in 1992, MCM-41 
has become an important member of mesoporous silicate and alumina silicate materials 
(Adjdir, Ali-Dahmane et al. 2009). It has a hexagonal structure with the pores tunable from 2-
10 nm. MCM-41 is deemed suitable for catalytic and adsorption actions for its higher specific 
surface area and appropriate pore volume (Grün, Unger et al. 1999). Thanks to its ordered 
framework with uniform mesoporous structure and other properties, it is widely used as 
catalysts, catalyst supporters or adsorbents (Anandan 2008, Sohrabnezhad and Pourahmad 
2010, Yang, Deng et al. 2010). 
 
Figure 1-1  Synthesize procedure of MCM-41 
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MCM-41 can be synthesized through hydrothermal method. One proposed synthesis 
procedure was “silicate layer puckering” as disclosed in Fig 1-1. Cationic surfactants like 
CTAB (cetyl trimethylammonium bromide) and CTACl (cetyl trimethylammoium chloride) 
are used to form micelles. Silica source can be obtained both from organic sources like TEOs 
or inorganic sources like sodium silicate. 
Surfactants consist of a hydrophilic head group (e.g. ammonia salts) and a long hydrophobic 
tail group (e.g. hydrocarbon chain) in the same molecular. They will self assemble to 
minimize contact between the incompatible end and form a structure such as a rod. Silica will 
surround the rods and connect between the layers. As the aging time becomes longer, the 
micelle will grow bigger. Often the aging time varies from 24 h to 72 h or more hours (Yang, 
Deng et al. 2010, Liou 2011). The precipitate is collected and calcined to remove the 
surfactant. After calcine, mesoporous structure of the silica frame appears. 
Various metal ions (such as Ti, Al or V) have been doped into mesoporous materials and can 
effectively increase the catalytic activities (Anandan 2008). Through this way the acidity, ion 
exchange capacity and catalytic activity of the catalyst (Cesteros and Haller 2001). As to Al-
MCM-41, the concentration of strong Bronsted acid sites increased with growing Al amounts 
at low Al amount, while strong acid sites number decreases with growing Al amounts as the 
Al content becomes higher (Kosslick, Lischke et al. 1999). Though Al doped MCM-41 will 
increase acidity of catalyst, the increasing contents of aluminum will hinder the accessibility 
of strong acid sites to ammonia molecules or other reactants (Kosslick, Lischke et al. 1999). 
Therefore, it’s important to balance the acidity and catalytic ability, and to find the proper 
aluminum doping dose. 
TiO2 doped MCM-41 is known to be one of the most effective photo-catalysts because they 
are photo stable with high band gap energy (Anandan 2008). Titanium supported 
nanomaterial achieved 3 times higher photo-degradation rate compared with colloidal TiO2 in 
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the presence of electron acceptor PMS (peroxomonosulphate), and 2 times higher than that of 
PDS (peroxodisulphate) (Anandan 2008). This was mainly because Ti-MCM-41 had a higher 
surface area. The special hexagonal structure and bigger pore size would increase catalysis 
potential. Ti supported by mesoporous molecular sieves can effectively degrade bulky 
molecules, while for microporous sieves, the pores (< 2 nm) may be too small for Ti to react 
effectively with other reactants. (Koyano and Tatsumi 1997). What’s more, MCM-41 has the 
uniform ordered channels which can help control the particle size of TiO2 and stop the 
particle from agglomeration, thus help improve the photo-catalysis ability of TiO2 (Yang, 
Deng et al. 2009). 
MCM-41 can be titanium supporter and improves titanium’s photo-catalysis efficiency. In 
Dhokte’s research (2011), MCM-41 synthesized from fly ash was used as catalyst for 
classical Mannich reaction to synthesize ȕ-amino carbonyl compounds with catalytic activity 
(Dhokte, Khillare et al. 2011). It was also mentioned that this catalyst was easy to prepare, 
stable and storable, and can be reused several times. However, few researchers considered 
MCM-41 synthesized from fly ash as the carrier.  Thus, in this research we use MCM-41 
synthesized from the fly ash as the carrier of TiO2, and try to investigate the photo-catalytic 
efficiency of TiO2/MCM-41. 
1.2
 
Properties of TiO2 
TiO2 is a wide-band gap semiconductor. Due to its chemical stability, non-toxicity, low cost 
and other advantages, TiO2 has gained a good deal of attention nowadays.  
1.2.1
 
Photo-catalysis mechanism of TiO2 
The mechanism of photo-catalysis reaction is depicted in Fig 1-2. When an electron absorbs 
energy (photons for example) and its energy is higher than the valence band, the electron is 
promoted to CB (Conductive Band), leaving a hole in VB (Valence Band). The excited 
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electron has high reductive ability, it can either be used to create electricity in photovoltaic 




Figure 1-2  Semiconductor cell of photo-catalysis reaction 
 
Also, the hole in VB has a high oxidative ability, which has a strong inclination to absorb an 
electron and generate oxidative radicals to drive other chemical reactions. This process is 
called photo-catalysis.  
The most popular application of TiO2 photo-catalysis is in the environmental 
decontamination field. Where organic compounds, inorganic compounds, viruses, bacteria 
can be mineralized to harmless compounds through TiO2 photo-catalysis process. As 
displayed in the below equation, TiO2 photo-catalysis is a relatively clean technology and 
organic substances can be degraded to simple and more friendly inorganics like carbon 
dioxide and water.  
Organic Substance   ்௜ைమǡ௛௩   ሱۛ ۛۛ ۛۛ ሮCO2 + H2O 
 
During most circumstances, oxygen is the primary electron acceptor, which triggers the 
photo-catalysis reaction after electron transfer and is the rate-determining factor. Table 1-2 
shows the major processes and their characteristic time for TiO2-sensitized photo-catalysis 
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processˈusing dissolved oxygen as the electron acceptor(Carp 2004). As depicted in Table 
1-2, surface charge-carrier recombination and interfacial charge transfer are two main rate-
determining processes. Radical ions which formed after interfacial charge transfer are very 
important during the photo-catalysis degradation process. They can participate in several 
pathways: they may react with themselves or surface-adsorbed chemicals; due to the slow-
down outward diffusion and hydrophobicity, radical ions may be trapped near the surface and 
recombine by back electron-transfer reactions; several radicals may diffuse from the 
semiconductor surface and react with substances in the bulk solution (Carp 2004). 
Table 1-2 Major processes and their characteristic times for TiO2 photo-catalysis degradation 
Primary Process Characteristic 
1.
 
Charge-carrier generation  
       hv ୘୧୓మሱۛ ሮ eCB- + hVB+ Fast 
2.
 
Charge-carrier trapping  
aˊ hVB+>TiIVOHė{>TiIVOH •}+ fast(10ns) 
      b.   eVB-+>TiIVOHė{>TiIIIOH} 
            (shallow traps, dynamic equilibrium) 
(100ps) 
      c.  eCB-+>TiIV ė>TiIII 
                  














Interfacial charge transfer  
a.
 




-+Ox வ୘୧಺ೇ୓ୌሱۛ ۛۛ ۛሮ +Ox • - very slow(ms) 
 
Fig 1-3 shows the photo-oxidative mineralization of organic compounds which use oxygen as 
the electron acceptor (Carp 2004). In this process, TiO2 first absorbs energy from the light, 
which renders electrons in the valence band obtain a higher energy. The electron jumps to the 
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conductive band and leave a hole in the valence band. The hole in the valence band has a 
strong oxidative inclination to absorb electron, thus neutral materials can be oxidized and 
form other radicals. The electron in the conductive band is very active and has a strong 
reductive ability, which can be easily caught by oxygen to produce superoxide (O2-). 
 
 
Figure 1-3  Photooxidative mineralization of organic compounds with activated oxygen  
 
This superoxide can attack neutral substrates and surface-adsorbed radicals, and produces 
stronger oxidants like hydroxyls and hydrogen peroxides (Carp 2004). All these holes, like 
hydroxyl radicals, hydrogen peroxides can play important roles in decontamination field, and 
finally fulfill mineralization.     
1.2.2
 
Synthesis methods of TiO2 
TiO2 can be synthesized different forms like powder, crystals, or thin films. Both powders 
and films can be built up from crystallites ranging from a few nanometers to several 
micrometers. Solution routes and gas phase routes are two main synthesis methods. 
As for solution routes, precipitation methods, solvothermal methods, sol-gel methods and 
microemulsion methods for TiO2 synthesis are mostly used. However precipitation methods 
are the most economical way. Through precipitation method raw materials like Ti(Cl)4 and 
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Ti(SO4)2 are first added into NH4OH, (NH4)2CO3 and NaOH solution, and amorphous 
Ti(OH)4 precipitate is obtained (Xu, Zhang et al. 2013). The precipitate is then washed, dried 
and calcined to generate TiO2 powers. One disadvantage is that the particle size distribution 
can not be precisely controlled, often uncontrolled precipitation forms larger particles instead 
of nanoparticles (Carp 2004).  
Grain size, particle morphology, crystalline phase and surface chemistry can be controlled 
under solvothermal method by regulating the solution composition, reaction temperature, 
pressure and solvent properties. Solvothermal method uses both aqueous and organic media 
like methanol, 1,4 butanol to synthesize TiO2. They require quite low temperatures like 
250 ć . Other methods include sol-gel methods, micro-emulsion methods, combustion 
synthesis, electro-chemical synthesis and so on (Yuvaraj, Woo et al. 2008). 
Gas phase method is widely used for thin films synthesize. CVD (chemical vapor deposition), 
PVD (physical vapor deposition), SPD (spray pyrolysis deposition) are three mostly used 
methods. CVD, the most widely used technology, is often used to produce ceramic and 
semiconductor films in industry (Carp 2004). 
However, in our research, TiO2 was synthesized through hydrothermal method by TiOSO4. 
Different steam-methanol ratio and synthesize temperature was first explored, and efficient 
TiO2 photo-catalysis efficiency was found under steam-methanol ratio at 4 and synthesis 
temperature at 90 ć. In our case, reverse osmosis concentrate can be degraded from 24.5 
ppm to less than 5 ppm (removal efficiency around 79.59%) in 4 h by TiO2 which is more 
than 5 times efficient than previous research (Zhou, Lim et al. 2011). 
To enhance photo-catalysis ability, it is necessary to obtain deep electron traps and high 
surface acidity to lengthen the lifetimes of photo-excited electrons and holes, and to improve 
the adsorption ability of organic substances on the surface (Carp 2004). In that case, we 
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suppose Al-MCM-41 synthesized from fly ash can be used as the supporters of TiO2 and will 
improve the photo-catalysis ability of TiO2. 
In this research, we first synthesized Al-MCM-41 from fly ash; then TiO2 was doped onto the 
supporter Al-MCM-41 using the hydrothermal method; finally catalysts synthesized through 
this method were used to degrade reverse osmosis wastewater to test its photo-catalysis 
efficiency. XRD (X-ray diffraction), BET (Brunauer–Emmett–Teller), FESEM (Field 
Emission Scanning Electron Microscopy) were used to characterize the supporters and 
catalysts, TOC (Total Organic Carbon) and ICP-MS (Inductively Coupled Plasma- Mass 
Spectrometry) were used to test the organic and inorganic compounds. 
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The fly ash we used in this experiment was collected from Xi’an, China. Before each 
experiment, fly ash was dried in oven overnight. Cetyltrimethyl ammonium chloride (CTACl, 
C16H33(CH3)3NCl, Japan) was chosen for this study, which tended to form smaller micelle 
structure with a shorter d100 spacing compared with cetrylmethyl ammonium bromide CTAB 




Characterization of fly ash 
Fly ash used in this experiment was collected from a coal power plant located in Xi’an, 
Shanxi, which located in the north part of China. FESEM image was used to define the 
surface properties of the fly ash. As depicted in Fig 2-1, we can see fly ash was agglomerated 
into different spheroid particles. Its particle size ranges from 1-100 um.  
 
       
 
Figure 2-1  SEM images of fly ash 
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The constituents of fly ash can be determined by EDS analyzer. Due to the properties that 
each element has a unique atomic structure and will produce a unique set of peaks on its X-
ray spectrum, EDS can be used to determine specify constituents both quantitatively and 
qualitatively. Silica dioxide, aluminum oxide, and ferric oxide are three main constituents, as 
depicted in the EDS mapping (Fig 2-2). According to mass percentage of each element, the 
atom ratio of silica, aluminum and iron is around 11:8:1.  Fly ash collected by Zhang from 
Hancheng Thermal Power Plant has almost the same constituent, the three main constituents 
silica dioxide, aluminum oxide and ferric oxide account  for 88.61% of total weight (Zhang, 
Kang et al. 2013).  
 
Figure 2-2  Constitutes of fly ash characterized by EDS 
 
Each substance has a unique X-ray diffraction pattern, and the same substance always gives 
the same pattern. In a mixture of substances, each matter produces the same crystalline 
pattern independently from others. X-ray diffraction (depicted in Fig 2-3) was thus used to 
analyze fly ash crystal structure. The result suggested mullite, quartz, magnetite and hematite 
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are four main constitutes. This was also confirmed by the previous EDS results which shows 
Si, Al, and Fe are three main elements in the fly ash. 
 
Figure 2-3  X-ray diffraction pattern of coal fly ash 
 
BET (Brunauer – Emmett – Teller) method can be used to investigate the physical adsorption 
of gas molecules on a solid surface, and can be used to measure the specific surface area of a 
material.   
 
Figure 2-4  Nitrogen adsorption-desorption isotherms for fly ash 
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As showed in Fig 2-4, fly ash nitrogen adsorption-desorption isotherm exhibits a type II 
pattern of non-porous materials according to IUPAC (International Union of Pure and 
Applied Chemistry) classification. The surface area of coal fly ash was 1.588 m2g-1. BJH 
(Barrett-Joyner-Halenda) desorption pore diameter was 38.71 nm. The results showed that fly 
ash was consisted by small particles. However the surface area which was not sufficient small 
for effective adsorption (surface area at least 80-100 m2g-1). Hence the fly ash was grinded to 
smaller particles to improve its adsorption property (Janos, Buchtova et al. 2003). MCM-41 
has hundreds time higher surface area than fly ash and make it a more suitable adsorbent. 
2.3
 
Preparation methods of MCM-41 and TiO2/MCM-41 
2.3.1
 
Synthesis methods of F-MCM-41  
Three methods were used to synthesize F-MCM-41 (i.e. MCM-41 synthesized from fly ash). 
The differences lie in Si source extraction step. NaOH solution method uses hydrothermal 
method to extract Si from NaOH solution in a reaction kettle. MCM-41 synthesized by this 
method was called F-MCM-41 A. Alkali fusion method extracts Si with NaOH powder in a 
muffle furnace at a higher temperature. The mesoporous material collected under this 
condition was called F-MCM-41 B. For each condition, two pH values (4.5 and 11) were 
used as the synthesis pH according to Hui’s research (Hui and Chao 2006). 
As for NaOH solution method, the procedures were as follows (Hui and Chao 2006): 4 g fly 
ash was first added into the reaction kettle, and 40 mL of 2 M NaOH solution was then added 
into the reaction kettle in a fume hood. The reaction kettle was then put into the oven, and 
reaction was allowed to proceed at 100 ć for 4.5 h. After reaction, the kettle was cooled 
down to room temperature, and a funnel was used to extract the supernatant. The sticky and 
colorless solutions were collected as Si solution.  
As for alkali fusion method, the procedures were as follows (Majchrzak-KucĊba and Nowak 
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2011): 5 g fly ash and 6 g NaOH were first grounded into powder with mortar and placed in a 
crucible. The powders were then calcined in a muffle furnace for 1.5 h at 550 ć.The rate of 
temperature increase was 1 ć/min to avoid splash. After cooling down the mixture to room 
temperature, 5 times DI water and the mixture were added in a 250 mL PP (Propene Polymer) 
bottle. Then 24 h magnetic stirring under room temperature was applied, and the mixture was 
filtered with a funnel. Different from NaOH solution method, Si solution collected by alkali 
fusion method was in light green color. From which we can deduce that metals like copper 
were leached into the solution. 
After Si extraction, ICP-MS was used to determine the concentrations of Si4+ and Al3+. 
CTACl, H2SO4 and water were added at molar ratio SiO2: CTACl: H2SO4: H2O = 1: 0.2: 0.89: 
120 to synthesize MCM-41 source solution. The preparation procedures were as follows: Si 
solution was stirred at 300 rpm at 85 ćˈCTACl solution was then added drop by drop, after 
that ethyl acetate was added into the solution rapidly, and stirred at 600 rpm for 10 min. The 
solution was then cooled down to room temperature. PH was adjusted by 5.25 N H2SO4 to 11 
and 4.5, and the gel appeared when pH was near 12. During the procedure we could see that 
more precipitation appeared when pH was lower.  
After 12 h aging, the precipitate was collected by filtration, and washed with DI water several 
times. AgNO3 solution was used to make sure Cl- was removed thoroughly. The solid was 
then dried in an oven at 100 ć for another 12 h, and calcined in a muffle furnace for 5 h at 
550 ć with a heating rate of 1 ć/min to remove the surfactant. The white powder collected 
was F-MCM-41.  
2.3.2
 
Synthesis method of P-MCM-41 
 P-MCM-41 (pure MCM-41) was synthesized with an organic silica source (i.e. TMOS). The 
molecular structure of TMOS is quite similar to that of TEOS, the only difference is that 
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TMOS has methyl group while TEOS has ethyl group. The procedures were as follows 
(Nooney, Thirunavukkarasu et al. 2002): 44.2 mL DI water was first added into the beaker, 
then ammonia was used to adjust pH from 6 to 11 (PH was measured using pH strips). Heat 
was then applied on the beaker, and temperature was raised to 50 ć. 0.279 g CTACl was 
added into the solution (TMOS: CTACl: NH3: H2O = 1: 0.152: 2.8: 141.2). The solution was 
cooled down to room temperature. After that 1.394 mL TMOS was added into the solution 
followed by rapid stirring for 2 h. The sample was then filtered, and the solid was dried under 
90 ć for 12 h, and calcined at 550 ć for 5 h to remove the surfactant. 
2.3.3
 
Synthesis method of TiO2/MCM-41 
TiO2/MCM-41 was synthesized through hydrothermal method (As depicted in Fig. 2-5). 
Different TiO2 proportion was applied in this experiment. 0.1 g TiOSO4 (10% TiO2) was first 
added into RBF (round bottom flask), 20 mL water and ethanol (ratio 4:1) was then added 
into the flask. After that 0.5 g MCM-41 was then added into the RBF. The RBF was put into 
oil bath with a condenser attached to the mouth of the RBF. Heat was then applied to the an 
oil bath and the solution was heated under 90 ± 2 ć for six hours. The RBF was lifted up 
from the oil bath and removed from heat to allow the oil on the top to drop and was left 
overnight to cool. 
To determine whether MCM-41 could improve TiO2 photo-catalysis performance, pure TiO2 
was synthesized by the same way just as from TiO2/MCM-41. 0.5 g TiOSO4 was first added 
into the RBF, 100 mL water and ethanol were then added into the flask. The RBF was put 
into an oil bath with a condenser attached to the mouth of the RBF. The solution in the RBF 
was stirred using a magnetic stirrer until the solid was dissolved. Heat was then applied, and 
the RBF was kept in the oil bath at 90 ć for six hours with stirring. The RBF was then lifted 
up from the oil bath and removed from heat to allow the oil to drop and was left overnight to 




For both conditionsˈthe solution was centrifuged to remove the water, and the solid was 
washed with 0.1 M ammonia twice, and then washed with ethanol once. The solid was then 
dried in an oven overnight and grounded into powder before calcination. Calcination 
parameter was 400 ć for 1 h with a heating rate of 1 ć/min in a muffle furnace under air 








ROC reaction under UV light condition 
TiO2 has a high ROC (Reverse Osmosis Concentrate) degradation efficiency. However TiO2 
is relatively expensive. It’s quite necessary to cut down TiO2 dosage while still keeping its 
photo-catalytic efficiency. To reduce the economic cost, in this experiment, TiO2 was attached 
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onto supporters like MCM-41 which have high surface area. 
The experimental vessel is depicted in Fig 2-6, 0.1% of catalyst was used to degrade ROC 
water. The wavelength of the UV lamp we used was 365 nm, and light intensity was about 18 
mw/ cm2. For each experiment, 5 mL sample was taken after 4 h reaction. To make the results 
more comparable, all sampling was conducted under stirring condition, and DI water was 
added to balance the water loss during reaction. 
 
 
Figure ʹ-͸  Reaction vessel for ROC reaction 
2.5
 




ICP-MS (Inductive Coupled Plasma—Mass Spectrometry) was used to determine 
concentration in Si solution, especially for Si4+ and Al3+. ICP-MS 7500 cx (Agilent, 
American) has a ppb level LOD (limit of detection). Argon was used as the carrier gas, and 
normal plasma mode was used. To make the result more reliable and accurate, tuning and 
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standard curve were performed before each experiment. When tuning, three m/z (7, 89 and 
205) were used to represent the sensitivity ability of the machine, count and RSD (Relative 
Standard Deviation) were the parameters investigated under each condition. For Li (m/z = 7), 
the count should be no less than 2000, for Y (m/z = 89), the count should be above 6000, 
while for Ti (m/z = 205), the count should be at least 3000. Under all circumstances, RSD 
should be less than 10%.  
To confirm the reliability of the ICP-MS data, standard curve linearity and RSD (Relative 
Standard Deviation) were considered in this research. With a higher co-efficient, the 
calculated concentration is closer to the real concentration. When r2 = 1, the calculated 
concentration is exactly the same with the real concentration. 
 
Figure ʹ-͹  Calibration curve of SiͶΪ ions detected by ICP-MS 
 
As depicted in Fig 2-7 and Fig 2-8, the correlation co-efficient (r2) of the two standard curves 
are 0.9991 and 0.9993 respectively. Hence we can conclude that the calculate concentrations 
of Si4+ and Al3+ are accurate and reliable. RSD values for both elements were below 3% as 
showed in Table 2-1 and Table 2-2, from which we can see the results are repeatable. 
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    Count 
   (CPS) 
RSD 
(%) 
0  304.1 248900 1.205 
100  133.6 251000 1.134 
250   675.9 265100 1.754 
500   441.6 275600 1.038 
1000   865.1 337500 1.725 
2500 2139 510900 2.398 
5000 4390 837300 2.985 
10000   10400 1.50E+06 1.499 
 
To insure its accuracy, sensitivity and resolution tuning were both applied. Before detection, 
HNO3 and ultrapure water were also used to wash the system to reduce the noise. BEC 
(Background Equivalent Concentration) of Si4+ and Al3+ were 1778 ppt and 33.82 ppt 
separately.  Elements can be detected under ppt level, and the detection limit of Si4+ and Al3+ 
are 75.81 ppt and 0.34 ppt.  
 
Figure ʹ-ͺ  Standard curve of Al͵Ϊ calculation 
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However, due to the noise, the calculation of both elements in low concentration was not so 
accurate. But as the concentration increased, the deviation was lower, and ionic concentration 
became more accurate. 









0 0 2256 0.873 
100 11.6 8850 1.793 
250 139.6 39480 1.36 
500 480.1 121000 2.255 
1000 1187 290100 0.9149 
2500 2690 650000 0.5737 
5000 4839 1.16E+06 2.606 





The formation of mesoporous structure was confirmed by XRD (x-ray diffraction) patterns. A 
powder diffractometer D5005 (Simens, Germany) equipped with a Cu KĮ radiation source 
was used in this experiment. The accelerating voltage was 40 kV and current was 40 mA, 
respectively. The scanning range of 2ș for MCM-41 confirmation was from 1.4 to 9°, with a 
step size of 0.02°/s. While the scanning range of 2ș for fly ash was from 5 to 70°,with a 




The porous properties were examined by N2 adsorption and desorption isotherms at 77 K, 
using an ASAP 2020 (Micromeritics, American) instruments. BET method from the linear 
part of BET plot (IUPAC recommendation), which use the relative pressure (p/p0) = 0.05-
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0.23 adsorption isotherm was performed to calculate the specific area. BJH method was used 
to investigate the pore size distribution and the pore volume was obtained from the maximum 
amount of adsorption at p/p0 of 0.99. Before analysis, the samples were degased at 110 ć




FESEM (Field Emission Scanning Electron Microscopy) JSM-6701F (JEOL, Japan) was 
used to investigate the size and structure of the sample rudimentary. The composition of the 
sample can be measured by EDS (Energy-dispersive X-ray spectroscopy).  Before analysis, 




TOC-VWS (Shimadzu, Japan) was used to detect organic compounds variation of ROC. TOC 
analysis method uses O2 to oxidize organics at a high temperature. Thus it can efficiently 
detect hard to decompose, insoluble and macromolecular organic compounds, not just easily 
decomposed, low molecular weight compounds. This TOC detection machine has high 
sensibility whose detection limit can reach ppb level, thus is suitable for reverse osmosis 
concentrate detection. 
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3 Synthesis of F-MCM-41 from Fly Ash 
 
As the by-product of coal energy industry, ten thousand tons of fly ash are produced every 
year around the word, especially in countries like India and China where coal is the main 
energy sources (Ahmaruzzaman 2010). Most of them are either dumped into the open space 
or buried underground. This may not only waste precious land, but also may cause other 
problems like air pollution and water pollution. To better alleviate the depletion of resources 
and environmental pollution, silica and aluminum in the fly ash was reused as resources to 
synthesized F-MCM-41in this study. 
3.1
 
Comparison of F-MCM-41 synthesis methods 
Different methods were used to extract silica from fly ash. As a neutral component, Si can 
react with both acid and base. NaOH was the most commonly used alkali for the extraction 
(Hui and Chao 2006, Dhokte, Khillare et al. 2011, Zhang, Kang et al. 2013). Na2CO3 can also 
extract Si from fly ash to form MCM-41, but it required a higher temperature (Wu, Ma et al. 
2012). Si can be extracted both from solution reaction or solid fusion reaction. NaOH 
solution method and alkali fusion method are two of the most commonly used methods.  
In this part of the experiment, different characterization methods includes ICP-MS, XRD 
were used to compare different synthesize methods of F-MCM-4. The main aim is to develop 
an economic way of providing F-MCM-41 from fly ash or other Si containing wastes. 
3.1.1
 
Ionic strengths of Si4+ solution and Al3+ solution 
To determine the ionic strengths of Si4+ and Al3+ in the solution extracted from fly ash, ICP-
MS was used, and the concentrations of elements are showed in Table 3-1. As ferric salts can 
hardly dissolved in alkali solution, while both silicon and aluminum can be dissolved in 
strong alkali solutions, the concentrations of Si4+ and Al3+ were considered in this research.  
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Table ͵-ͳ  Ionic strengths in the extraction solution 
 Si4+(mg/L) Al3+ (mg/L) 
NaOH solution method 2496.5 179.3 
Alkali fusion method 1078.2 205.7 
 
To make the results more comparable, 300 mL Si solution was collected from the extraction 
from 5 g fly ash. In both solutions Si4+ strength was nearly 5-10 times higher than that of Al3+. 
The reason is that the content of Si is higher than that of Al in fly ash, besides the Si can be 
more easily dissolved in the NaOH solution. We can also see that Si4+ extracted from NaOH 
solution method is two times higher than that from alkali fusion method, while Al3+ 
concentration extracted from the latter method is higher than that of  the former method. 
From the results we could conclude that NaOH solution method was more effective for Si 
extraction, and alkali fusion method tended to dissolve more metals in the solution. The 
supernatant in alkali fusion method is light green color which might contain some other ions 
like cu2+, Fe2+, while it appears to be colorless in NaOH solution method. This phenomenon 
can also confirm the assumption that more metals were dissolved in alkali fusion method. 
Majchrzaka-Kuceba and Nowak (2011) compared MCM-41 synthesized from 10 kinds of 
polish fly ash, and in their study the ionic strength of supernatants of fly ash alkali fusion 
method extraction were from 726.87 mg/L to 3038 mg/L for Si4+ and from 237.88 mg/L to 
964.76 mg/L for Al3+. From these results we can conclude that the Si4+ extraction in our 
research is quite efficient, especially by NaOH solution method. 
3.1.2
 
XRD results of fly ash after silica extraction 
After extraction, the residuum of fly ash was collected and characterized by X-ray diffraction 
method. Fig 3-1 compared the crystalline structure of fly ash and fly ash residuum to compare 
the extraction method of silica.  
From Fig 3-1 we can see that after the extraction from NaOH solution method, the crystalline 
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structure of fly ash residuum didn’t show much difference from the original fly ash. While for 
alkali fusion method, the crystalline structure of fly ash residuum had changed to amorphous 
structure. The reason is that for NaOH solution method, only soft chemical reaction 
processed at 100 ć, while for alkali fusion method, most chemical bonds were destroyed at 
550 ć,and Si4+ was latter extracted from NaOH solution.  
 
Figure 3-1  XRD results for fly ash and fly ash residuum after Si extraction 
 
After extraction, the peak for quartz is higher and most mullite are still there, from which we 
can deduce that quartz and mullite are hard to extract, these results are consistent with Hui’s 
study (Hui and Chao 2006). 
3.3
 
Characterization of F-MCM-41 
3.3.1
 
Crystalline characterization of F-MCM-41 
X-ray powder diffraction method can be used to identify MCM-41. Usually the strong peak 
(100) which appeared around 2ș of 2.5 suggests the presence of MCM-41 structure 
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(Majchrzak-KucĊba and Nowak 2011). The following two weak peaks (110) and (200) 
suggests a hexagonal structure with 2-D hexagonal p6mm symmetry (Majchrzak-KucĊba and 
Nowak 2011). 
The crystalline structures of F-MCM-41 synthesized through different methods were depicted 
in Fig 3-2. All four F-MCM-41s showed the hexagonal peaks around 2ș of 2.5, which 
indicated that both NaOH solution method and alkali fusion method can synthesize F-MCM-
41 successfully from fly ash. Due to impurities in the fly ash, the intensity and width of peak 
100 is lower and broader in F-MCM-41 than commercial Al-MCM-41. The following two 
small peaks were not apparent in F-MCM-41 characterization as well. Which can be 
confirmed by Majchrzak-Kuceba’s research (Majchrzak-KucĊba and Nowak 2011).   
 
Figure 3-2  X-ray diffraction characterization of F-MCM-41  
A1 (pH=4) and A2 (pH=11) were synthesized by NaOH solution method;  
B1 (pH=4) and B2 (pH=11) were synthesized by alkali fusion method 
 
Compared with the other three, F-MCM-41 A1 synthesized from NaOH solution method had 
a much higher intensity in peak 100.  As discussed before, alkali fusion method tended to 
have more ions like Al3+ and Na+, these may block the Si-MCM-41 hexagonal synthesis 
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pathways. The aluminum atoms may be tetrahedral-coordinated doped in the Si-MCM-41 
lattice. For alkali fusion method, F-MCM-41 synthesized under acidic condition (pH=4) 
tended to have better crystalline structure than under alkaline condition (pH=11). 
3.3.2
 
Pore architecture of the F-MCM-41 materials  
BET was used to characterize both surface and pore architecture of F-MCM-41. From Fig 3-3 
we can see that all the four F-MCM-41 isotherms were type IV pattern isotherm according to 
IUPAC classification which indicated that they are mesoporous materials (Lin, Kuo et al. 
2011).  
 
Figure 3-3  Nitrogen adsorption-desorption isotherms of F-MCM-41  
A1 (pH=4) and A2 (pH=11) were synthesized by NaOH solution method;  
B1 (pH=4) and B2 (pH=11) were synthesized by alkali fusion method 
 
Compared with other F-MCM-41 isotherms, F-MCM-41 A1 had a steeper condensation step, 
which indicated that this material had a more uniform mesoporous structure. 
 Mesoporous materials are materials dominated with mesoporous pores (usually 2-10 nm). 
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Different pore size distribution of F-MCM-41 was compared in Fig 3-4. From the figure, we 
can see that pore size of these four materials all range from 2-4 nm, which indicated that the 
pores are mainly mesoporous. The results further confirm the mesoporous structure 
conclusion drew from XRD characterization.  
 
 
Figure 3-4  Pore size distribution of F-MCM-41  
A1 (pH=4) and A2 (pH=11) were synthesized by NaOH solution method;  
B1 (pH=4) and B2 (pH=11) were synthesized by alkali fusion method 
 
As for F-MCM-41 A1, the size distribution is narrower and a high peak appeared at 3 nm. 
However, to F-MCM-41 B1, the size distribution is also narrow but there are two peaks 
appearing at 2.3 nm and 4 nm separately. F-MCM-41 A2 and F-MCM-41 B2 appeared to 
have much wider size distributions and less sharp peaks, which are located around 2.4 nm. 
From that we can deduce that materials F-MCM-41 A1 tends to have better regulated 
mesoporous structure compared with other three materials, these results can also be 
confirmed by XRD and nitrogen adsorption and desorption isotherm. 
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Table 3-2 lists desorption pore area for materials with different pore sizes. Mesopores and 
macropores can be directly calculated from the BJH desorption pore distribution report. 
While pore area of micropores can be calculated according to the equation: micropores’ pore 
area = t-Plot external surface area - BET surface area. We can see that all the three kinds of 
pore areas were quite small in fly ash, which indicates that fly ash is a non-porous material. 
According to Table 3-2, mesopores are the main composition in all the four F-MCM-41 
samples, which is 2-7 times larger than the sum of the area of the other two type pores. Thus 
we can conclude that all the F-MCM-41 synthesized from fly ash is mesoporous material. F-
MCM-41 synthesized from NaOH solution method exhibited larger desorption pore area in 
mesopores distribution, and F-MCM-41 A1 had the largest pore area. As to pH, acidic 
condition is better than basic condition for the synthesis reaction. 
Table 3-2  Desorption surface area for different pore sizes  
Sample Desorption Pore Area (m2g-1) 
 Micropores (<2 nm) Mesopores (2-50 nm) Macropores (60-400 nm) 
Fly ash 1.12 0.149 0.12 
F-MCM-41 A1 208.77 1165.6 4.41 
F-MCM-41 A2 198.46 644.29 9.46 
F-MCM-41 B1 231.91 542.71 1.49 
F-MCM-41 B2 33.66 251.24 5.11 
 
Specific surface area and pore architecture were compared in Table 3-3. From which we can 
see that, non-porous materials fly ash can be transformed to mesoporous materials where 
surface area can be improved hundreds of times. F-MCM-41 A1 has almost the same 
properties with commercial Al-MCM-41, considering surface area, pore architecture and pore 
diameter. F-MCM-41 synthesized through NaOH solution method tended to exhibit higher 
surface area than that of alkali fusion method. It seems that F-MCM-41 synthesized under 
alkaline condition tended to have lower surface area than that of acidic condition. Although 
according to Hui et al. (2006), the surface area of MCM-41 synthesized under different pH 
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didn’t vary a lot. However researchers mentioned that MCM-41 synthesized under pH 11 
tended to have lower surface area compared with other pH values both in acidic and alkaline 
conditions (Hui and Chao 2006, Park, Han et al. 2012). 
Table 3-3  Specific surface and pore architecture of F-MCM-41 
Sample  Specific surface 
area  SBET, m2g-1 
Specific pore volume 
 cm3g-1 BJH desorption 
Pore diameter nm 
BJH desorption 
Fly Ash 1.588 0.005 71.84 
Commercial Al-MCM-41 918.9 1.12 3.5  ( Izabela, 2011) 
F-MCM-41 A1 952.24 0.99 3.38 
F-MCM-41 A2 814.69 0.65 3.99 
F-MCM-41 B1 584.69 0.45 3.30 





In this chapter, the properties of fly ash and F-MCM-41 synthesized from fly ash were 
investigated by XRD, BET, FESEM-EDS and so on. NaOH solution and alkali fusion method 
were compared to find a more economical way to synthesize F-MCM-41 from fly ash. 
Our results showed that fly ash, a waste material containing Si and Al, can be reused to 
synthesize F-MCM-41. The F-MCM-41 synthesized can achieve almost the same surface 
area and pore architecture compared with commercial Al-MCM-41, thus making it quite 
promising in adsorption and catalysis application. 
NaOH solution method was found to be superior to alkali fusion method considering Si 
extraction efficiency. Si extraction in the supernatant extracted by NaOH method is nearly 
two times larger. F-MCM-41 synthesized through the NaOH solution method tended to 
achieve better mesoporous structure and higher surface area. 
More research need to be done to estimate the economical benefits of transforming fly ash to 
F-MCM-41 to determine the feasibility of F-MCM-41 synthesis for industrialization. 




 Photo-catalysis Reaction to Degrade Reverse Osmosis 
Concentrate 
As the requirement of water protection is becoming more stringent, advanced treatment using 
various membrane techniques like reverse osmosis membrane is more and more prevalent 
these days. Compared with other membrane techniques like micro and nano-filtration, reverse 
osmosis treatment can remove most small molecules, like ions and organic matter, thus 
achieves highly purified water. However, large amount of reverse osmosis concentrate 
effluent which usually contained refractory organics and heavy metals becomes the new 
concern, especially for countries where water is precious. In this chapter, TiO2/MCM-41 was 
used as the catalyst to degrade reverse osmosis wastewater under UV light, and the efficiency 
is demonstrated by TOC variation during the 4 h reaction. 
4.1
 
Characterization of TiO2/MCM-41 
10% of TiO2 was attached onto F-MCM-41through hydrothermal method. F-MCM-41 was 
the supporter and TiO2 was the catalyst. As showed in Fig 4-1, after doping, both the catalyst 
(TiO2/F-MCM-41) and supporter’s (F-MCM-41) peaks appear around 2ș of 2.5, which 
showed that mesoporous structure remained intact and the pore channel structure of MCM-41 
is not destroyed by TiO2 nanoparticles. However, the catalyst’s peak intensity is much lower 
compared with F-MCM-41 (Yang, Deng et al. 2009). This may be due to two reasons. One is 
that TiO2 enter the mesoporous pores which reduced the scattering contrast between pore 
walls and pores, and thus lead to a decrease in peak intensity. The other reason is that some of 
the mesoporous structure may be damaged during the hydrothermal catalyst synthesis 
process. Since other researchers also reported a decline of peak intensity in TiO2 doped 
mesoporous material (Yang, Deng et al. 2009), we deduced that the first reason might be 
more likely. 




Figure 4-1  Comparison of XRD results of F-MCM-41 and TiO2/F-MCM-41 
 
TEOs (tetraethyl orthosilicate) and TMOs (tetramethyl orthosilicate) are two most commonly 
used organic silica sources to synthesize MCM-41. In our study, pure silica source – TMOs 
was used to synthesize P-MCM-41 (pure MCM-41).  
 
Figure 4-2  Comparison of XRD results of P-MCM-41 and TiO2/P-MCM-41 
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This is different from F-MCM-41 which was synthesized from impure inorganic silica source 
(i.e. fly ash). Fig 4-2 compared the x-ray radiation results of P-MCM-41 and TiO2/P-MCM-
41. From Fig 4-2 we can see that the crystalline structure of P-MCM-41 had two peaks: one 
high peak appeared in 2ș of 2.5 which indicated that P-MCM-41 has typical hexagonal 
structure, and another smaller peak appeared in 2ș of 4.6 which indicated the existence of 
symmetrical hexagonal pore structure (Adjdir, Ali-Dahmane et al. 2009).  
The catalyst (TiO2) was doped into P-MCM-41 to produce TiO2/P-MCM-41 using the same 
synthesis method as for TiO2/F-MCM-41. However no peak emerged in the small angle x-ray 
diffraction result which indicated that no hexagonal mesoporous structure existed. The reason 
may be that P-MCM-41 synthesized through organic silica source has a thinner porous wall, 
which can be destroyed easily during the hydrothermal synthesis process.  
In this research, both TiO2/F-MCM-41 and TiO2/P-MCM-41 were used to degrade reverse 
osmosis concentrate to test their photo-catalysis abilities. Fly ash is an industrial waste with 
complex compositions. Many impurities might be present in the F-MCM-41 which may 
affect the photo-catalysis ability of the catalyst TiO2/F-MCM-41. TiO2/P-MCM-41 
(synthesized from pure silica source) was used as the control. 
4.2
 
Degradation efficiency of reverse osmosis concentrate 
4.2.1
 
Reverse osmosis concentrate 
Reverse osmosis technique is an advanced wastewater treatment method. Typical wastewater 
treatment can be divided into three phases. The first phase is primary treatment which is used 
to remove massive pollutants like floating objects through mechanically driven scraper. The 
second phase usually uses biological methods which can remove most biodegradable 
organics and other pollutants. The third phase is tertiary treatment which is designed to 
further improve the effluent quality.  Disinfection and membrane filtration are mainly applied 
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in this phase (Dialynas, Mantzavinos et al. 2008, Greenlee, Lawler et al. 2009).  
Due to the supreme effluent quality and process stability, membrane separation technique is 
emerging in wastewater treatment and reclamation and has become more and more popular 
nowadays (Dialynas, Mantzavinos et al. 2008, Zhou, Lim et al. 2011).  Membrane filtration 
can be divided into two techniques, one is micro and ultra filtration which is used to remove 
larger particles, the other is nano filtration and reverse osmosis filtration which can be 
applied to remove salts. Large species like suspended and colloidal solids, as well as 
pathogens can be removed by microfiltration and ultrafiltration processes, while most ions 
and organic matter can be removed by reverse osmosis membrane. 
Characteristics of the reverse osmosis concentrate are depicted in Table 4-1. From table 4-1, 
we can see that, compared with other industrial wastewater which has tens of thousands of 
COD value and often has nasty color and odour, reverse osmosis concentrate typically has 
less than 100 ppm COD and is quite clean. 
Although reverse osmosis concentrate is not that dirty, and is allowed to be discharged to the 
natural water directly in some countries. Undesirable organics like endocrine disruptors may 
increase the environmental risk and limit its reuse applications (Dialynas, Mantzavinos et al. 
2008, Zhou, Lim et al. 2011). In countries where freshwater is precious like Singapore, where 
there are no big river and source of water, water reclamation tend to be quite necessary. To 
reuse wastewater (e.g. to produce NEWater), membrane technology is especially preferred in 
Singapore (Tao, Viswanath et al. 2011). Though reverse osmosis treatment gives superb 
quality water for reuse, it produces a certain quantity of concentrate, usually ranging between 
25-50% of the feed (Dialynas, Mantzavinos et al. 2008, Tao, Viswanath et al. 2011). Thus it’s 
necessary to find a suitable technique to treat ROC (reverse osmosis concentrate) to better 
reuse these wastewater. 
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Table 4-1  Characteristics of the reverse osmosis concentrate  
Parameters Values 
TOC (mg/L) 24.5 ± 2.0 
TKN (mg/L) 10 ± 3 
COD (mg/L) 60.0 ± 5 
pH value 6.9 ± 0.2 
Color (Pt-Co)a 144 ± 10 
Turbidity (ntu) 3.2 ± 0.4 
TDS (mg/L) 1129 ± 40 
Conductivity (µs/cm) 1705 ± 21 
Cations (mg/L)  
Na+ 203 ± 10 
Mg2+ 7 ± 0.1 
K+ 62 ± 5 
Ca2+ 65 ± 8 
Anions (mg/L)  
Cl- 256 ± 16 
SO42- 217 ± 4 
NO3- 91 ± 4 
NO2- 2 ± 1 
PO43- 39 ± 7 
a Color was measured in Pt-Co units according to ASTM D1209 “standard test methods for color 




Reverse osmosis concentrate treatment technology 
Contaminates in reverse osmosis concentrate are mainly two types: biomass associated 
products and humic-type organic matter. Various ways were used to degrade reverse osmosis 
concentrate, like coagulation/flocculation, activated carbon adsorption and advanced 
oxidation process and so on (Van der Bruggen, Lejon et al. 2003).  
Physical – chemical methods like Coagulation/flocculation and activated carbon can react 
with contaminants, thus remove them through precipitation and filtration processes. Physical-
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chemical method can easily remove contaminate from wastewater, and the efficiency can 
often reach 40-90% (Dialynas, Mantzavinos et al. 2008). However, flocculants and 
adsorbents can be very expensive. Most contaminants are just transferred from one medium 
to another and cannot be fully degraded. However, advanced oxidation technology like TiO2 
photo-catalysis can degrade both organic and inorganic contaminants to harmless materials 
like carbon dioxide and water (Carp 2004).  
Dialynas et al. (2008) compared the ROC removal efficiency of three different oxidation 
methods TiO2 photo-catalysis treatment, electrolytic oxidation using boron-doped diamond 
and sonolysis. They concluded that TiO2 photo-catalysis treatment tended to be more efficient 
and energy saving in ROC degradation, through which process 50% of DOC was removed in 
60 min. Thus TiO2 photo-catalysis was a feasible way to degrade ROC, in this research 
TiO2/F-MCM-41 was used to degrade reverse osmosis concentrate under UV light condition, 
and its catalytic ability was tested by TOC variation during the reaction. 
4.2.3
 
Reverse osmosis concentrate degradation efficiency 
Table 4-2 shows the TOC variation of ROC for different catalysts after 4 h. Two types of 
catalysts were compared in this experiment, which include pure TiO2 with carrier powder 
mixed together and synthesized catalyst with TiO2 doped in it.  
Table 4-2  ROC degradation efficiency under UV light 
Catalyst 0 h  TOC (mg/L) 4 h  TOC (mg/L) Removal efficiency (%) 
TiO2/P-MCM-41 24.5 23.11 5.67 
TiO2/F-MCM-41 24.5 22.82 6.86 
TiO2+P-MCM-41 24.5 21.70 11.42 
TiO2+F-MCM-41 24.5 21.93 10.49 
 
From the results we can see that the catalyst consisting of TiO2 powder mixed with MCM-41 
showed better removal efficiency than the synthesized TiO2/MCM-41 catalyst. Since TiO2 
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was the effective component, synthesized TiO2/MCM-41 may suffer from some TiO2 loss 
during the synthesis process. Both pure catalysts (TiO2/P-MCM-41 and TiO2 with P-MCM-
41) showed better ROC removal efficiencies than synthesized catalysts, which suggested that 
impurities may be the reason why catalyst with F-MCM-41 is less efficient.  Since fly ash is 
an industry waste with complex components, to better reuse it, certain pretreatment to remove 
the impurities may be necessary. 
4.3 Summary 
Our results showed that TiO2/F-MCM-41 could be synthesized by hydrothermal method from 
fly ash. The synthesized catalyst TiO2/F-MCM-41 has a less ordered mesoporous structure 
compared with F-MCM-41. P-MCM-41 synthesized from organic silica source tended to 
have a thinner wall, thus it’s harder to synthesize TiO2/MCM-41 with mesoporous structure. 
Catalysts consisting of TiO2 mixed with MCM-41 directly achieve better ROC removal 
efficiency than synthesized TiO2/MCM-41. The TiO2 loss during the synthesis process may 
be the reason. However the real reaction mechanism of synthesized catalyst which may 
contain many impurities from fly ash is still unknown. More research needs to be done to 
develop a more efficient TiO2/MCM-41 catalyst.  
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5 Conclusions and Future Work 
 
According to our research, F-MCM-41 synthesized from fly ash can achieve almost the same 
surface area and pore architecture compared with commercial Al-MCM-41, thus making it 
quite promising in adsorption and catalysis application. Considering Si extraction efficiency, 
NaOH solution method is more efficient than alkali fusion method. Furthermore, F-MCM-41 
synthesized through the NaOH solution method tended to achieve better mesoporous 
structure and higher surface area. 
It was found that TiO2 mixed with MCM-41 performed better ROC degradation than the 
synthesized catalyst, i.e. TiO2/MCM-41. Also catalyst is more efficient in pure MCM-41 than 
in MCM-41synthesized from fly ash. 
Nevertheless, since fly ash is a waste material which is available at a low cost, the synthesis 
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